vegetables, and soybeans. We find, however, that adaptation will likely vary from region to region. For example, irrigation is likely to fall in the eastern regions of China but increase in the western regions (provided there is sufficient water). One important weakness of this study is that it was not able to take into account water availability, which is a critical element of Chinese agriculture. The projections into the future take into account only climate change. The analysis does not take into account other background changes that may well occur including changes in prices, technology, and water availability.
Analyses of climate impacts must take adaptation into account or they will overestimate damages. Policy makers must be aware that adaptation is an endogenous response to climate. They should anticipate that adaptation is important, that the magnitude of changes depends on the climate scenario, and that the desired changes depend on the location of each farm.
I. INTRODUCTION
Although there is an extensive literature on the effects of climate on agriculture (Reilly et al 1996; McCarthy et al 2001) , there are very few studies that have measured adaptation.
Studies that compare the impacts of climate change that include adaptation, such as Ricardian studies (Mendelsohn, Nordhaus, and Shaw 1994, Mendelsohn and Dinar 1999; Mendelsohn et al. 2001; Mendelsohn and Dinar 2003; Seo et al. 2005 ; Kurukulasuriya et al. 2006; Fleischer et al 2007; Mendelsohn 2007, Wang et al. 2008) , tend to find much lower damages than studies that do not include adaptation, such as agronomic analyses (Rosenzweig and Parry 2004; Reilly et al. 1996; McCarthy et al 2001; Parry et al. 2004) . It is clear from this empirical evidence that it is very important to include adaptation in any impact analysis of long term climate change. Of course, adaptation is likely to be less important with respect to year to year weather fluctuations as farmers may have fewer options to adapt to sudden or abrupt changes.
Adaptations are actions that people and firms take in response to climate change to reduce damages or increase benefits (IPCC 2007 (Kurukulasuriya and Mendelsohn 2006a) and South America (Mendelsohn and Seo 2007) . Studies have explored how climate affects livestock choice in Africa (Seo and Mendelsohn 2006) and South America (Seo and Mendelsohn 2007a) . Previous studies have explored how climate alters crop choice in Africa (Kurukulasuriya and Mendelsohn 2006) and South America (Seo and Mendelsohn 2007b ). All of the above mentioned adaptation studies find that farmers adjust irrigation practices, crop varieties, and livestock species to both temperature and precipitation levels.
In the present analysis, we use the same cross sectional methods used in the above studies of Africa and South America to study farm adaptation in China. We expect that farmers in China have also adapted to the range of climates that they face in China.
Analyzing a sample of 8,405 farms sampled across 28 provinces in one year, we estimate logit models of irrigation and multinomial logit regressions of crop choice to detect how these choices vary with long term temperature and precipitation. Matching the location of each farm to climate data and soils, it is possible to examine the effect of climate on these endogenous choices by farmers while controlling for several other factors.
The available data allow us to measure the direct effects of temperature and precipitation on irrigation choice and crop choice. We specifically examine the choice of 9 major crops in China: wheat, rice, maize, soybean, potato, cotton, oil crops, sugar, and vegetables. Unfortunately, the amount of irrigation water a farmer uses is not available in the dataset. We do not know water availability or cost. If future climate scenarios reduce available water supplies, this is likely to affect these choices and the present study does not take this into account. This is an important omission for an agricultural system such as in China that relies heavily on irrigation.
The paper is organized as follows. We briefly review the methodology of adaptation analysis in the next section. Section three discusses the available data and the construction of the variables in the data set. In the fourth section, we present the estimation results for current farmers. The fifth section then forecasts how future farmers would change their irrigation and crop choice for three different climate scenarios in 2050 and 2100. The paper concludes with a summary of the key results and a discussion of policy relevance.
II. METHODOLOGY
We assume that farmers make choices that maximize their income. We define income broadly to include both products they sell and consume. In this analysis, we are interested in modeling how they select from a number of discrete and mutually exclusive choices (McFadden 1981) . In order to study irrigation choice, we rely on a dichotomous logit. We test how climate influences the probability of choosing whether to irrigate or not, while controlling for a number of other independent variables such as soils, household characteristics and farm characteristics.
In order to study crop choice, we rely on a multinomial logit regression. The multinomial logit examines the probability that a farmer chooses one of the 9 major crops grown in China. We do not examine minor crops. We assume that the choice among the 9 crops is independent of these other choices. The multinomial tests the influence of climate on the probability of choosing each crop controlling for a number of other independent variables such as soils, household characteristics, and farm characteristics.
We model irrigation choice and crop choice separately.
We assume that farmers choose the crop that yields the highest net profit. Hence, the probability that a crop is chosen depends on the profitability of that crop. We assume
where C is a vector of climate variables, K is a vector of exogenous characteristics of the farm, and S is a vector of characteristics of the farmer. The vector K includes soils, elevation and access variables; S includes variables such as the education of the farmer and land size. The profit function is composed of two components: the observable component V and an unobservable component that is in the error term ε. The farmer will choose the crop that yields the highest profit. Similarly, the farmer also chooses irrigation or rainfed farming based on which type of farming yields the highest income.
The farmer will choose crop j over all other crops k (j≠k) if:
The probability for the crop to be chosen is then:
We are interested in the following specific model where climate has a quadratic functional form:
Assuming that ε is independently Gumbel distributed and the profit function can be written linearly in its parameters, the probability can be calculated as follows:
which gives the probability that farmer i will choose crop j from among J species (McFadden 1981) .
The marginal change in probability of selecting a crop with respect to climate is therefore:
The marginal probability of choosing a new crop depends on the underlying climate of the farm.
A critical assumption of the multinomial logit is Independence of Irrelevant Alternatives. We assume that the relative probability of any two alternatives is not affected by adding a third choice.
The same discrete choice model applies to irrigation except in this case there are only two choices. In the irrigation analysis, we rely on a logit regression to estimate the probability of irrigation. The logit model predicts that the probability of irrigation can vary between 0 and 1 depending on the values of the independent variables. We again test the influence of climate controlling for a number of other independent variables such as soils, household characteristics, and farm characteristics.
III. DATA
The climate data (monthly temperature and precipitation) were obtained from the indicators about the topographical environment of each village (e.g., if it is located on a plain or in a mountainous region), the share of cultivated area that is irrigated in the village, membership in associations, extension service, and access to markets (e.g., the presence of paved roads between the village and key services; the distance to each township's government).
To account for soils ajor soil types-clay, sand and loam soils. The final set of soil variables for our analysis was created by generating a variable measuring the share of cultivated area with each type of soil.
IV. RESULTS
In this section, w farmers operating under present situation. This is a cross sectional analysis exploring how the range of current climate across China affects choices of irrigation and crops today.
Irrigation choice
ogit regressions of irrigation using a quadratic model of climate (Table   del, More land per household member reduces the likelihood of irrigation, probably because irrigated land is more labor intensive relative to rainfed land.
In order to interpret the coefficients of the logit mo for each climate variable ( Table 2 ). The results suggest that seasons have strong but offsetting effects. Warmer summer and fall temperatures increase the likelihood of irrigation selection but warmer spring and winter temperatures reduce it. Wetter springs, summers and falls reduce the likelihood of irrigation selection but wetter winters increase it. In general, warmer annual temperatures reduce irrigation selection likelihood. It implies that farmers in warmer locations are much less likely to choose irrigation and farmers in cooler places are more likely to irrigate. In addition, farmers in locations with more rainfall are also less likely to irrigate because farmers get sufficient moisture without the expense of irrigation. However, the marginal effects depend on the distribution of seasonal rainfall and temperature so that it can vary from place to place.
The analysis does not include water availability. This remains an importa to the results. If there is not enough water, farmers may want to shift to irrigation but they may not be able to. Higher temperatures could lead to a reduction in irrigation if higher evaporation reduces available water. Changes in precipitation could also change flows. As China uses all of its available water in some regions, changes in flows are likely to have very important consequences for irrigation.
Results of crop choice
The analysis of crop choice indicates that farmers plant different crops depending on the ble 3). Soils, as expected, climate they face (Table 3) . Both temperature and precipitation play a role in crop choice. The quadratic climate coefficients are significant, implying that the response function is nonlinear. The climate coefficients are quite different across seasons suggesting that seasonal effects are, once again, important.
Many of the control variables are significant (Ta influence crop choice. Cotton and sugar are more likely to be planted on clay soils whereas rice, wheat, vegetables, soybeans and oil crops are less likely. Farmers with silt soils are more likely to choose potatoes but less likely to choose rice, sugar, and several other crops. Cotton and sugar are much more likely to be grown on plains but potato and oil crops are not. Being close to a road increases the likelihood that a farmer will select wheat, rice, vegetables and oil crops and reduces the chance the farmer will select cotton.
This may reflect the relative cost of transporting each of these products. The farther the farmer is from the township government, the more likely the farmer will grow wheat and the less likely he will grow oil crops. Proximity to township government makes public extension more accessible. Access to extension may help farmers grow wheat whereas oil crops are relatively simple to grow and so do not require extension services. If a farmer is in a village with major irrigated areas, the farmer is more likely to grow wheat, rice, and sugar but less likely to grow potatoes. Rice and sugar tend to be irrigated whereas potatoes are never irrigated. Farmers who join production associations are more likely to grow cotton, because of the additional ginning and marketing needed for the final product, that are taken care by the association. Farms with less educated workers are more likely to grow soybeans and oil crops, which are the least sophisticated crops to grow. The more cultivated land per household member, the more likely the farmer will grow cotton, oil crops, sugar, and wheat-crops that take advantage of economies of scale-but the less likely they will grow rice and vegetables-crops that can be grown on small fields.
In Table 4 , we calculate the marginal effects of temperature and precipitation on crop choice. Across China, farmers are more likely to select cotton, wheat, oil crops and maize as temperatures warm and they are less likely to select rice, vegetables, soybeans, potatoes and sugar. With more precipitation, farmers are more likely to pick rice, cotton, vegetables, soybean, oil crops and sugar and less likely to pick maize, wheat and potato.
However, the seasonal effects are quite different from the annual effects. For example, warmer summers favor cotton, wheat, and oil crops whereas warmer falls favor rice, vegetables and potato. Wetter springs are very bad for vegetables, oil crops and maize but good for wheat, potato, cotton, and rice. Wetter winters are good for most of the crops (cotton, oil crops, vegetables, soybeans, maize, sugar and rice) but bad for wheat and potato. The actual impact in each location is therefore going to depend on the seasonal distribution of temperature and precipitation, and not just the annual average.
V. CLIMATE FORECAST
The empirical results in the previous section describe how farmers in China have adapted to the climate that they currently face. They have altered their irrigation and crop choice to fit the climate they live in. In this section, we project how these decisions would change in the future if climate changes. We assume that all other features of each farm will remain the same and that only climate will change. This is obviously a simplification as the technology, capital intensity, and other features of the farm are all likely to change over the next century. However, the analysis does provide a sense of the role of climate and the extent of endogenous adaptation to expect.
We examine a set of climate scenarios from climate models for 2050 and 2100.
These climate scenarios are complicated as they predict very different changes in each season, they vary from one region to another within China, and they involve a combination of temperature and precipitation effects. The climate scenarios come from the PCM, HADIII, and CCM2 climate models. All the models are assuming a business as usual (no abatement) A2 emission scenario. Table 5 presents the average change in temperature and precipitation for China according to each climate scenario. The PCM scenario predicts a small change in temperature and a small increase in precipitation. The HADCM3 scenario predicts a middle temperature increase and a precipitation decline in 2050 but not in 2100. The CCM2 scenario predicts the greatest warming and no change in precipitation in 2050 but a small decline in precipitation in 2100. Table 5 also presents the effect of each climate scenario on the choice of irrigation and crop choice in 2050 and 2100. All three climate scenarios predict that the likelihood of choosing irrigation will fall in China by 2050. The reductions will range from -13% to -23%, depending on the future climate scenario. By 2100, the percentage of land in irrigation will fall by -1% to -17% depending on the future climate scenario. In addition, all three scenarios also suggest that the likelihood wheat and cotton are selected will slightly increase and that the likelihood of rice and soybeans will slightly decrease by 2050. By 2100, the size of these changes is distinctly larger. Depending on the climate scenario, the likelihood of selecting rice will fall by -1% to -5%, the likelihood of selecting vegetables will fall by -1% to -4%; the likelihood of selecting soybeans will fall by -3% to -4%, and the likelihood of selecting potatoes will fall by -1% to -3%. In turn, the likelihood of selecting wheat will increase by +2% to +3%, the likelihood of selecting oil crops will increase by +1% to +3%, and the likelihood of choosing cotton will increase by +5% to +12%, depending on the climate scenario. These reductions and increases reflect how the percentage of cropland will change. They imply relatively large changes in the mix of crops that will be grown in China.
But the all-China results do not tell the entire story. (Table 7) . For example, the Northeast region is much colder than the other regions; its annual average temperature is 6.5 o C, while it is warmer in both the Southeast and Southwest regions, their average annual temperature reaches 16 o C. In addition, the Southeast region is wetter than the other regions with an average precipitation per month of 9.9cm, while it is very dry in the Northwest region with an average precipitation per month of only 2.2cm.
Each region responds in a different way to the climate scenarios (Table 8) Farmers will also adjust crop choice differently in each region. For example, with the 2100 PCM climate, farmers in the Southwest region will be less likely to grow wheat by -1%, while in the other four regions the likelihood of farmers growing wheat will increase by +4% to +14% depending on the climate scenario. Under the HADCM3 climate scenario, the likelihood of farmers in the Southeast, Middle and Northwest regions growing rice will increase by up to +2%, while the fraction of cropland devoted to rice in the Southeast and Southwest regions is reduced by -1% to -2%, depending on the future climate scenario. Similar variations in crop choice across regions apply to the other crops as well and for each climate change scenario.
VI. CONCLUSION AND POLICY IMPLICATIONS
The results of the adaptation analysis strongly suggest that Chinese farmers do adapt to climate by shifting to irrigation (where possible) and by switching crops. With warmer temperatures, they are more likely to increase irrigation and grow oil crops, wheat, and especially cotton. As precipitation increases, they may also increase irrigation and choose to grow more soybean, oil crops, and especially rice, cotton, and vegetables.
However, all of these results are dependent on no changes in water flow. Since all of these decisions are likely to be affected by water flow and climate change is likely to change water flows, the results must be interpreted cautiously. It is clearly very important to follow this study with an additional analysis where water flow can be taken into account. 3 The projections of changes in future climates must be viewed cautiously. First, the climate projections themselves are uncertain and range from mild to severe changes.
Second, the impact analysis in this paper only examines changes in climate. There are many other changes that are likely to take place as well. There is likely to be new crop varieties, changes in relative prices, new management practices, and new technologies.
Water availability is likely to change with and without climate change. All of these changes must be taken into account to obtain an accurate forecast of future conditions.
One point that is clear from the results concerning adaptation is that Chinese farmers already have adapted to climate. Climate affects irrigation choice and crop choice. Therefore, it is very likely that Chinese farmers will adapt to climate change.
Examining a set of future climate scenarios, the model predicts there will be substantial changes in both the irrigation mix and the crop mix across China with climate change.
The magnitude of the change will depend on the climate scenario. Future studies of the impacts of climate change on Chinese agriculture must take these adaptations into account. Failing to account for adaptation will overestimate the damages from climate change.
The analysis also revealed that adaptations will vary dramatically across regions.
The analysis predicts that some regions will increase irrigation while other regions will move towards rainfed agriculture. Warming will also cause changing cropping patterns across China. Global warming will cause some crops to increase in one region and fall in another. Policy makers must be aware of this spatial variation of adaptation. They must resist the temptation to move towards nation wide adaptation policies and instead make sure that adaptation is sensible at the local level.
The analysis in this paper examined irrigation and crop choice. Farmers can take other measures as well in response to climate change. They can adjust varieties, not just species. They can alter when they plant and harvest. They can choose different tillage practices. They can adopt different irrigation technologies. They can adjust other inputs such as labor, capital, and fertilizer. All of these measures need to be examined. Change of probability of choosing crops 
